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a single Caenorhabditis elegans operon

MILLET TREININ*†‡, BOAZ GILLO†§, LILACH LIEBMAN†, AND MARTIN CHALFIE*
*Department of Biological Sciences, Columbia University, New York, NY 10027; and †Department of Physiology and §The Kuhne Minerva Center for Studies of
Visual Transduction, The Hebrew University, Hadassah Medical School, Jerusalem, 91120, Israel

Communicated by H. Robert Horvitz, Massachusetts Institute of Technology, Cambridge, MA, October 22, 1998 (received for review
August 3, 1998)

ABSTRACT The deg-3 gene from the nematode Caeno-
rhabditis elegans encodes an a subunit of a nicotinic acetyl-
choline receptor that was first identified by a dominant allele,
u662, which produced neuronal degeneration. Because deg-3
cDNAs contain the SL2 trans-spliced leader, we suggested that
deg-3 was transcribed as part of a C. elegans operon. Here we
show that des-2, a gene in which mutations suppress deg-
3(u662), is the upstream gene in that operon. The des-2 gene
also encodes an a subunit of a nicotinic acetylcholine receptor.
As expected for genes whose mRNAs are formed from a single
transcript, both genes have similar expression patterns. This
coexpression is functionally important because (i) des-2 is
needed for the deg-3(u662) degenerations in vivo; (ii) an
acetylcholine-gated channel is formed in Xenopus oocytes
when both subunits are expressed but not when either is
expressed alone; and (iii) channel activity, albeit apparently
altered from that of the wild-type channel, results from the
expression of a u662-type mutant subunit but, again, only
when the wild-type DES-2 subunit is present. Thus, the operon
structure appears to regulate the coordinate expression of two
channel subunits.

Twenty-five percent of the genes in the nematode Caenorhab-
ditis elegans are organized into operons (1, 2), where adjacent
genes are transcribed as a single primary transcript that is
processed by 39 end formation and trans-splicing to yield
separate mRNAs (3). Often the existence of an operon can be
detected because mRNA that is encoded by an internal gene
in a polycistronic operon possesses an SL2 trans-spliced leader
(3). The functional importance of the coexpression of mRNAs
from operons, however, is not clear, usually because the
function of every gene in an operon is not known (1, 2).
Examples that suggest that operons encode proteins required
for the same process are the cyp-9 pdi-1 operon (4), which
encodes two enzymes needed for protein folding, and the
lin-15 operon, which encodes two genes needed for the neg-
ative regulation of vulval development (5, 6). Although these
latter genes are needed for the same activity, their function in
this activity is unknown, because both encode novel proteins.

During the course of studying the deg-3 gene, a gene that
encodes a subunit of a nicotinic acetylcholine receptor
(nAChR) (7), we found evidence for the functional connection
of genes within an operon. The deg-3 gene was originally
identified by a dominant allele, u662, which resulted in neu-
ronal degeneration (the Deg phenotype) (7). Because the u662
mutation was in the presumptive pore-forming region, degen-
eration presumably occurred by deregulation of channel ac-
tivity. Although the presumptive second membrane spanning
domain of DEG-3 looked similar to that of the a7 type

subunits, which are known to form homopolymeric channels in
Xenopus oocytes (8, 9), expression of cRNA in frog oocytes
failed to produce a detectable current (7). Furthermore,
because mutations in another gene, des-2, prevented the
deg-3(u662) degenerations, at least one other component
might be needed for DEG-3 to form a functional channel.

Because deg-3 mRNAs had SL2 trans-spliced 59 ends, we
suggested that deg-3 was cotranscribed with mRNA from at
least one other gene in a C. elegans operon (7). In this paper,
we show that des-2, which also encodes a nAChR subunit, is the
upstream gene in an operon with deg-3. Coexpression of
cRNAs for both genes, but not the single cRNAs, in Xenopus
oocytes results in a functional channel. These data suggest that
the operon structure is used in C. elegans for the coordinate
and stoichiometric expression of interacting proteins.

MATERIALS AND METHODS

Strain Maintenance and Genetics. Strains were grown as
described by Wood et al. (10). The des-2 mutations were
obtained by the reversion of the Unc phenotype of deg-3(u662)
(7). In addition to the original screen (7) that identified one
des-2 mutation, u695, we examined F2 progeny representing
20,000 haploid genomes from ethyl methanesulfonate-
mutagenized deg-3(u662) animals and obtained two additional
des-2 alleles. All des-2 mutations partially suppressed the
uncoordination produced by the deg-3(u662) mutation. The
des-2(u695) mutation was used for mapping and could not be
separated from deg-3(u662). The presence of the u695 muta-
tion was tested by mating animals to des-2(u695) deg-3(u662)
males and examining the male progeny. None of the nine
non-Unc Sqt recombinants from unc-42(e270) 1 1 sqt-
3(sc63)y1 des-2(u695) deg-3(u662) 1 hermaphrodites con-
tained the des-2 mutation. All 14 Dpy Unc progeny derived
from dpy-11(e224) 1 1y1 des-2(u695) deg-3(u662) animals
and all 6 Unc Sqt progeny derived from 1 1 sqt-3(sc63)ydes-
2(u695) deg-3(u662) 1 animals contained the des-2 mutation
(and were partially uncoordinated).

Molecular Analysis. General molecular biology methods
followed the protocols of Wood et al. (10) and Sambrook et al.
(11). We had found that a 6-kb XbaI–StuI fragment (the StuI
site was introduced between the SL2 splice site and the first
AUG of deg-3) contained all of the upstream sequences
needed for deg-3 expression (7). A 2-kb StuI–BamHI fragment,
which covers the region immediately upstream of deg-3, was
labeled by random priming and used as a probe on a mixed
stage cDNA library (12). A screen of 106 plaques yielded two
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cDNA clones (2.2 and 1.6 kb) for the same transcript. The
cDNA inserts in these clones were cloned into pBluescript
SKII(2) (Stratagene). The cDNAs and the corresponding
genomic fragment (5.8 kb) were sequenced by using nested
deletions and internal primers. Sequencing was done on an
Applied Biosystems 370A DNA sequencer (Columbia Univer-
sity DNA facility). Sequencing of des-2 alleles was done
directly on PCR amplified genomic DNA [purified by using
Qiagen gel extract (Chatsworth, CA)], in the Life Science
Sequencing Facilities (The Hebrew University). For oocyte
expression, deg-3 and des-2 were cloned in the pBGT vector
(courtesy of E. Honore, Institute de Pharmacologie Molecu-
laire et Cellulaire, CNRS, Valbonne, France), a pBluescript
derivative that contains the Xenopus globin untranslated re-
gions (13). The des-2 expression pattern was visualized by using
either gfp (14) or lacZ (15) expression. The gfp construct has
a 5-kb BamHI–XbaI fragment [from a plasmid containing the
deg-3 operon (7)] inserted into plasmid pPD95.75 (courtesy of
A. Fire, Carnegie Institution of Washington, Department of
Embryology, Baltimore). The gfp gene is fused to the intra-
cellular loop of des-2 in this construct. The lacZ construct was
obtained after insertion of an EcoRV site upstream of the des-2
AUG by using in vitro mutagenesis with the primer CACAA-
CACAGATATCCTTTTACTAC. A 2-kb EcoRV–XbaI frag-
ment from this plasmid was inserted into plasmid pPD22.07,
which adds sequences for a nuclear localization signal (15).
The lacZ transgene was integrated by the procedure of Mitani
(16) to produce integrated construct hmIs1. Cells were iden-
tified by their positions and by their elimination in mec-
3(e1338) (17), unc-86(e1416) (18), or deg-1(u506) (19, 20)
backgrounds.

Oocyte Injection and Physiology. Xenopus laevis (African
Xenopus Facility, Noordhoek, South Africa) were maintained
at 18–20°C in a 15 hr dayy9 hr night cycle and fed with either
chopped liver or frog pellets twice a week. A section of ovary
was removed surgically from female frogs under tricaine
anesthesia, and the oocytes defolliculated for 2 hr with 2
mgyml collagenase in calcium-free ND96 solution (96 mM
NaCly2 mM KCly5 mM MgCl2y5 mM Hepes, pH 7.5) (21).
Oocytes were examined under a dissecting microscope, and
healthy looking stage V and stage VI cells (22) were selected
and maintained at 19°C in enriched ND96 (supplemented with
1.8 mM CaCl2y2.5 mM sodium pyruvatey100 units/ml peni-
cilliny100 mg/ml streptomyciny0.1% BSA fraction V) for 1–3
days before recording.

A microdispenser (Drummond Scientific, Broomall, PA)
was used for intracellular injections. A pulled glass capillary
was broken to a 15–20 mm diameter tip. A drop of mineral oil
was added to the tube before assembly of the microdispenser
plunger. Solution (1–2 ml) was introduced via the tip by pulling.
The cells were penetrated and 50 nl of cRNA solution (0.2
mgyml of each cRNA) was introduced.

Cells were placed in a 0.5 ml bath that was constantly
perfused with medium and penetrated with two 0.5–1 MV 3 M
KCl filled glass microelectrodes attached to a GeneClamp 500
amplifier (Axon Instruments, Foster City, CA), by using an
HS-2A headstage (Axon Instruments). A reference electrode
was connected to ground by means of a 3 M KCl agar bridge.
An IBM PCy486 system employing the TL-1 interface and
PCLAMP software, version 6 (Axon Instruments) was used for
maintaining voltage clamp. Cells were held at 270 mV. The
current and the voltage in the voltage-clamp circuit were
recorded simultaneously on a chart recorder and were saved
directly onto the computer. Results are presented as the
mean 6 SEM with n equal to the number of oocytes tested and
N equal to number of different frogs in each experiment. In all
experiments, the oocytes were incubated and perfused with
‘‘calcium-free medium’’ (96 mM NaCly2 mM KCly5 mM
MgCl2y5 mM Hepes, pH 7.5).

RESULTS AND DISCUSSION

By using a fragment corresponding to sequences upstream of
deg-3, we identified two cDNAs from this upstream gene.
These cDNAs and the corresponding 5 kb genomic DNA were
sequenced. The longer cDNA (2.2 kb) encoded 260 bp of
upstream sequence, an ORF for a 548 amino acid polypeptide,
and 329 bp of downstream sequence before the site of poly-
adenylation (the shorter cDNA is a truncated version). Al-
though the cDNAs do not contain spliced leader sequences,
reverse transcription–PCR reveals that this mRNA contains
the SL1 trans-spliced leader, an indication that no other
mRNA precedes it in an operon (3). The small distance (112
bp) between the sites for polyadenylation and SL2 trans-
splicing for deg-3 is common for genes in C. elegans operons (1,
2) (Fig. 1A). No other gene predicted by the C. elegans Genome
Project (23) is close enough to be included in this operon.

Because this new gene encoded a nAChR A subunit (see
below), we originally named it acr-4 (acetylcholine receptor
gene 4); however, subsequent analysis showed it to be the des-2
gene. The des-2 (degeneration suppression) gene was identified
by mutations that prevent the uncoordination caused by the
dominant deg-3(u662) mutation (7). The des-2 mutations are
genetically inseparable from deg-3 (less than 0.2 map unit), but

FIG. 1. The des-2 deg-3 operon. (A) Genomic organization. Arrows
mark the site of spliced leader addition. Although the longer des-2
cDNA lacks a spliced leader, it starts at the same place as SL1-spliced
variants that were identified from a random primed cDNA library.
deg-3 is trans-spliced to the SL2 leader (7) (B) Alignment of DES-2
and DEG-3. The positions of the des-2 mutations (all of which result
in premature termination) are indicated by asterisks. Codon changes
are: hm5 (TGG to TGA), hm6 (TGG to TAG), and u695 (CAG to
TAG). Thin underlining indicates the neurotransmitter gated-channel
signature (24) and thick underlining indicates the putative transmem-
brane domains (see ref. 7). The two adjacent cysteines indicative of
nAChR a subunits (25) are at amino acids 220 and 221 in DES-2.
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unlike intragenic suppressor mutations of deg-3, which are cis
dominant (7), des-2 mutations are recessive suppressors of the
uncoordination and touch insensitivity phenotypes of deg-
3(u662). As expected for genes from the same operon, the
expression patterns of a des-2 lacZ fusion (Fig. 2) and a des-2
gfp fusion (data not shown) were essentially the same as that
of a deg-3 gfp fusion (7). The only difference we have seen is
the lack of expression in the touch receptor neurons. However,
this expression was very difficult to see in the deg-3 constructs
(7). Nonetheless, we believe that des-2 is expressed in these
cells, since des-2 mutations suppress the touch insensitivity
produced by the deg-3(u662) degeneration-causing mutation.
The des-2 constructs in lacking introns 8 and 9 and the 39
untranslated regions of des-2 may lack the necessary elements
for touch cell expression.

DES-2 has all the hallmarks of nAChR a subunits (Fig. 1B):
a signal sequence, four hydrophobic regions, the signature
sequence for neurotransmitter-gated channels (24), and the
two adjacent cysteine residues needed for acetylcholine bind-
ing (25). We cannot assign the DES-2 subunit to any particular
class, because in BLAST (26) searches of GenBank several a6
and a7 subunits and one a2 subunit show virtually equivalent
similarity, which is limited to the N terminus and the first two
putative transmembrane regions. The positions of introns are
completely different in des-2 and deg-1, suggesting that these
genes are evolutionarily distant and not the result of a recent
gene duplication.

Acetylcholine (ACh; up to 1 mM) did not produce detect-
able currents when deg-3 cRNA [7 (n) oocytes from 2 (N)
frogs] or des-2 cRNA (n 5 11, N 5 4) was expressed in Xenopus
oocytes. ACh did produce currents when oocytes expressed
both deg-3 and des-2 cRNAs (Fig. 3). For example, application
of 300 mM ACh to oocytes injected with 10 ng of each cRNA
produced currents of 349 6 70 nA (n 5 29, N 5 6) at 3–5 days
after injection.

As with wild-type deg-3 cRNA, no channel activity was
found when deg-3 cRNA with the u662 change was expressed
in frog oocytes (n 5 3, N 5 2). However, channel activity was
found when this mutant deg-3 cRNA was coexpressed with
wild-type des-2 cRNA (Fig. 3). Three days after injection, the
mutant channel response to 1 mM ACh was 202 6 39 nA (n 5
23, N 5 5) compared with wild-type 336 6 111 nA (n 5 15, N 5
5). An apparent difference from the response of channels
formed from wild-type subunits is that the response of the
mutant channel more slowly rises to peak depolarization. This
difference is very reproducible when we compare similar, low
amplitudes responses in 50 oocytes (from 10 frogs) for both the
mutant and wild-type channel; the response with the mutant

channel always shows a slow rise time compared with wild type
and no decay in amplitude, whereas the response of the
wild-type channel always shows a decay in the amplitude. For
example, for a 1 min pulse of 1 mM ACh, current carried by
wild-type channels reached a peak in 9 6 3 sec (n 5 10, N 5
3) and then decayed, whereas that carried by mutant channels
failed to reach a peak in the same time interval (n 5 10, N 5
5). In addition to these differences, many of the oocytes
injected with cRNAs to produce the mutant channel died or
had very low membrane potentials. We suspect that the poor
health of the cells was a consequence of the coexpression.

These observations in frog oocytes demonstrate that DEG-3
and DES-2 form a functional channel, but they do not indicate
whether these proteins interact in vivo in C. elegans. Support
for in vivo interaction comes from our finding that the up-
stream gene in this operon is des-2. All three ethyl methane-
sulfonate-derived alleles of this gene were identified as sup-
pressors of the deg-3(u662) uncoordination (ref. 7; this work).
These alleles, all of which contain nonsense mutations (Fig. 1),
are recessive with regard to suppression, suggesting that the
suppression is not the result of a cis-acting polar effect on deg-3
of the des-2 mutations. These results support the hypothesis
that the products of these genes function together, but they do
not say whether the interaction is direct, i.e., that DES-2 and
DEG-3 form into the same channel in vivo. Although we
believe that a single DES-2 DEG-3 channel is likely, conceiv-

FIG. 2. Expression of a des-2 lacZ fusion. This pattern is similar to that for deg-3 expression (7). Identified cells include the M1 head muscles
(the staining in front of the IL2 neurons; these cells were identified by their structure in a des-2 gfp expressing strain), IL2 neurons (these cells
disappear in unc-86 animals), FLP neurons (these cells disappear in mec-3 animals), PVD neurons (identified by the pattern of their processes using
a des-2 gfp fusion and because they disappear in mec-3 and unc-86 animals), and PVC neurons (these cells disappear in deg-1 animals).

FIG. 3. ACh response of the normal and mutant DES-2yDEG-3
channel. Representative current responses were elicited by 1 mM ACh
in voltage-clamped oocytes during the time indicated by the solid bar.
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ably these subunits could contribute to different channels in
vivo, such that deg-3-induced neurodegeneration is a conse-
quence of additive ion flux through both channels.

Moreover, although all three mutations may be null alleles
(two terminate the protein before the first putative transmem-
brane domain), suppression by these mutations is incomplete.
Some cell swelling (the hallmark of the degeneration process)
is still seen, although greatly reduced, and the number of adult
deg-3lacZ-expressing cells, i.e., surviving cells, is less than seen
in wild-type animals [set at 100%; number of animals (N) 5 28;
number of cells (n) 5 296]; 32% of these cells survive in
deg-3(u662) adults (N 5 50; n 5 168) compared with 68% and
53% for des-2(u695) deg-3(u662) (N 5 15; n 5 108) and
des-2(hm5) deg-3(u662) (N 5 10; n 5 56) adults, respectively.
These results suggest that whereas des-2 is important for
deg-3-induced deaths, it is not essential. Presumably, DEG-
3(u662)-containing channels form in vivo in the absence of
des-2 activity. In addition, the channel formed in vivo in the
nematodes need not contain only DES-2 and DEG-3 subunits.
Genes coding for additional subunits of the channel or proteins
needed for its formation and maintenance may have been
identified through mutations that suppress the deg-3(u662)
degenerations (ref. 7; M.T., unpublished data).

Our results indicate that functional activity in frog oocytes
and in C. elegans requires the coexpression of des-2 and deg-3.
Their linkage in a single operon allows their coordinated and
stoichiometric production in the same cells at the same time.
This genomic organization is probably not a result of a recent
gene duplication as both protein sequences and intron loca-
tions are highly diverged. DES-2 and DEG-3 are, so far, unique
among nAChR subunits in being able to form a heteromeric
nAChR composed of two different a subunits without non-a
subunits in frog oocytes. This finding suggests that the com-
binatorial possibilities in the formation of these receptors are
larger than previously expected.

Our results with the des-2 deg-3 operon and the functional
interaction seen in the cyp-9 pdi-1 (4) and the lin-15 operon (5,
6) suggest that other operons in C. elegans will encode genes
whose products interact or participate in the same biological
process. We suggest that operon organization in C. elegans can
be used as a means of identifying interacting proteins.
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